complexity of dermal vessels. In vitro, Ang1 protects against endothelial cell apoptosis, stabilizes endothelial tubules and induces vascular sprouting and tubule formation in collagen (Koblizek et al, 1998; Hayes et al, 1999; Holash et al, 1999; Papapetropoulos et al, 1999; Thurston et al, 1999) . In vivo Ang1 synergizes with VEGF to promote corneal neovascularization (Asahara et al, 1998) . Together these findings all suggest that Ang1 acts physiologically as an angiogenic promoter in the developing vascular system, in a coordinated process involving other angiogenic factors such as VEGF (Shalaby et al, 1995; Carmeliet et al, 1996; Ferrara et al, 1996) .
We investigated whether Ang1 would serve an analogous function in tumours by promoting vascularization. Ang1 expression levels were assessed in breast cancer cell lines and in breast cancer specimens. The gene was then overexpressed in a breast cancer cell line (MCF-7) by itself or together with FGF1. Our data indicate that Ang1 is rarely expressed by breast cancer cells in clinical samples. Moreover, Ang1 not only fails to enhance xenograft tumour growth in the MCF-7 tumour model, but appears to act in inhibitory capacity in this model. Possible reasons for the apparently contradictory roles for Ang1 in physiological and tumour angiogenesis are discussed.
METHODS

Cell culture
The MCPX cell line is a sub-line of ML-20 cells which were derived from MCF-7 cells by transfection with β-galactosidase (lacZ) McLeskey et al, 1993; . The α18 cells, referred to as Clone 18 previously, were derived from ML-20 cells by transfection with FGF1 (Zhang et al, 1997) . Cell lines were cultured in 5% FBS, IMEM, 4 mM glutamine (Biofluids, Rockville MA, USA).
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Immuno-histochemistry for Tie2 and vWF
Frozen sections (5 µm) were immuno-stained with monoclonal antibodies to Tie2 (a gift from Dr Kevin Peters, Procter and Gamble, Cincinnati OH, USA), and to von Willebrand factor (Boehringer Mannheim, Indianapolis IN, USA). Sections were fixed in acetone at -20°C for 10 min, incubated in 0.3% hydrogen peroxide in methanol, blocked in 5% BSA (Sigma, Milwaukee WI, USA) 2.5% normal horse serum (Vector Labs, Burlingame CA, USA) in PBS then incubated with antibody in blocking solution. Sections were washed in PBS, then incubated for 1 h with a 1:5000 dilution of a biotinylated polyclonal antibody against mouse IgG and developed using a Vector ABC kit (Vector Labs), then counter-staining with haematoxylin.
Laser-capture microdissection
Frozen tumour samples and adjacent normal breast tissue were used for laser-capture microdissection using previously described methods (Emmert-Buck et al, 1996) , utilizing a Pixcell laser-capture microdissection system (Arcturus Engineering, Mountain View CA, USA). Clinical sections, immuno-stained for Tie2 and vWF, were examined to identify areas of high microvessel density. Microvessel counting was performed using standard techniques (Weidner, 1995) . Unmounted serial sections stained with eosin, or with haematoxylin and eosin, were then examined to locate parallel areas. A Capsure Cap (Arcturus Engineering) was then placed onto the section over a 30 µm diameter capture area comprising either tumour cells in areas of high microvessel density, or epithelial cells in normal breast acini. Upon laser capture, cells in 50 areas were transferred into a 0.5 ml Eppendorf vial, yielding 500-1000 cells per sample. Total RNA was retrieved using a Micro RNA Isolation kit (Stratagene, La Jolla CA, USA) and RNA corresponding to that collected from approximately 250 cells was used as a template for subsequent RT-PCR.
Reverse transcriptase-linked polymerase chain reaction (RT-PCR)
The primer sequences for Ang1 are: 5′-CAACTGGAGC TGATG-GACAC A-3′ (sense) and 5′-ACTGCCTCTG ACTGGTAATG G-3′ (antisense) and span base pairs 1060-1420 of Ang1 mRNA. The primer sequences for VEGF are 5′-GCCTTGCCTT GCTGCTCTAC-3′ (sense) and 5′-AATGCTTTCT CCGCT-CTGA-3′ (antisense) spanning base pairs 48-473. The primer sequences for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) are 5′-AAGGTGAAGG TCGGAGTCAA CG-3′ (sense) and 5′-TGGTGGTGCA GGAGGCATTG C-3′ (antisense) spanning base pairs 40-496. The GAPDH primers span introns 1-5 in the genomic sequence. Total RNA collected from a panel of breast cancer cell lines was supplied by Dr Anke Schultke, Lombardi Cancer Center and 0.1 µg was used as a template. RT-PCR analysis was performed using reagents supplied in a GeneAmp RNA PCR core kit (Perkin Elmer, Wellesley MA, USA), with a Perkin Elmer GeneAmp 2400 PCR system. The DNA was transferred onto a Nytran nylon membrane (Schleicher & Schuell, Keene NH, USA). Southern hybridization was performed using oligonucleotide nested primers end-labelled with γ-32 P-dATP (Amersham, Piscataway NJ, USA). The sequences of the nested primers were: for Ang1, 5′-AGACTGTGCA TGTATATC-3′; for VEGF, 5′-CAATGACGAG GGCCTGGAGT-3′; and for GAPDH, 5′-GTCTTCACCA CCATGGAGAA-3′.
Transfection of the cancer cells with Ang1
The plasmid, jFE14/Ang1 is derived from the pSRα plasmid which contains an HTLV-1 promoter (Takebe et al, 1988) . Fulllength human Ang1 cDNA was cloned into this plasmid at two BstX 1 sites. Co-transfection was performed with the pcDNA3.1 Zeo plasmid (Invitrogen) which confers resistance to the antibiotic Zeocin (250 mg ml -1 ), using Lipofectamine Plus reagent (GibcoBRL, Rockville MD, USA).
Western slot blot analysis
Conditioned media were mixed (1:1) with DPBS containing 0.01% CHAPS (Sigma) and loaded in duplicate onto a Bio-dot SF slot blot apparatus (Bio-Rad, Hercules CA, USA), with Hybond ECL nitrocellulose membrane. After blocking, the membrane was incubated a rabbit polyclonal antibody against Ang1, developed at Regeneron Pharmaceuticals (Tarrytown NY, USA), in TBS, 0.1% Tween-20, 1.25% BSA, washed, then incubated with a horseradish peroxidase-conjugated anti-rabbit IgG antibody and developed using ECL chemiluminescence (Amersham)
Tie2 phosphorylation assay
Tie2-transfected fibroblasts were treated for 5 min with conditioned media then immunoprecipitated for phosphorylated Tie-2 as described previously (Maisonpierre et al, 1997) . Cells were lysed in RIPA buffer containing 1% Nonidet P40, 0.5% sodium deoxycholate, 0.1% SDS plus protease-and phosphatase-inhibitors. Tie2 was immunoprecipitated using an anti-myc monoclonal antibody, 9E10 (Sigma) and protein G-Sepharose beads. Samples were analysed by standard Western blotting protocols, including resolution by reducing SDS-PAGE and electrotransfer to PVDF membranes. The amount of total Tie2 receptor and autophosphorylated Tie2 receptor was detected, respectively, by incubating replicate membranes with 9E10 or with the antiphosphotyrosine-specific monoclonal antibody, 4G10 (Upstate Biotechnology, Lake Placid NY, USA) visualized with a HRPconjugated secondary antibody.
BIAcore analysis
Conditioned media were analysed for Ang1 with a BIAcore biosenser (Pharmacia, Piscataway NJ, USA) utilizing a CM5 BIAcore chip surface that had been covalently coupled with recombinant soluble Tie2-Fc as described previously . To control for the specificity of ligand binding, media were pre-incubated with 20 µg ml -1 of excess soluble Tie2-Fc or two irrelevant soluble receptors. Only soluble Tie2-Fc competed for Ang1 binding to the chip surface.
Tumorigenicity assays
NCR (nu/nu) athymic female 4-6-week-old mice (Taconic Farms Inc, Germantown NY, USA) were supplemented with subcutaneously embedded 0.72 mg oestrogen pellets then inoculated subcutaneously in the mammary fat pads with 5 × 10 6 cells in 0.2 ml IMEM. Tumour volumes (length × width × height) were measured two times a week in a blinded manner.
Statistical analyses
Generalized linear mixed effects models were used to estimate tumour growth rates. The analysis was performed using SAS PROC MIXED procedure according to SAS/STAT User's Guide (SAS Institute Inc, Cary NC, USA). Plots of tumour sizes vs time for the MPCX tumour growth data revealed an exponential growth pattern. Plots of tumour size vs time for the α18 tumour growth data indicated the growth rate in some cell lines was negative to some time-points and then became positive, suggesting that an overall growth rate was not appropriate to summarize the growth pattern. For these data, we described the growth pattern for each cell line at certain time-points and compared the growth rates at these time-points using repeated analysis of variance.
RESULTS
Ang1 expression in breast cancer cell lines
We analysed Ang1 expression in a panel of 19 breast cancer cell lines by RT-PCR analysis ( Figure 1 ). Ang1 transfected CHO cells were used as a positive control. PCR products were subjected to agarose gel electrophoresis and visualized with ethidium bromide. To exclude non-specific PCR amplifications, the PCR products were then subjected to Southern blotting analysis with a radiolabelled 'nested' Ang1 primer that corresponded to a sequence of Ang1 cDNA between PCR primers. A positive signal for Ang1 was identified from RNA isolated from nine out of the 19 breast cancer cell lines.
Low Ang1 expression in human breast cancer clinical specimens
We then determined whether breast cancer cells express Ang1 under clinical conditions. We utilized laser-capture microdissection and subsequent RT-PCR on the RNA isolated from microdissected specimens for this analysis. This technique permitted the isolation of a relatively homogeneous population of cancer cells adjacent to tumour vessels, which expressed a high level of the receptor Tie2 (Figure 2 ). It also involved amplification of the mRNA signal, as our previous efforts to determine Ang1 expression After reverse transcription of the mRNA from the microdissected cells, the cDNA samples were analysed for Ang1 by Southern blotting with a 'nested' oligonucleotide probe. VEGF mRNA, which is abundant in tumours, was analysed as a positive control. Figure 3 shows the results of an analysis of six tumour specimens. Control cells that expressed Ang1 display a clear signal for Ang1 which is approximately equal to that seen for GAPDH, an internal control, irrespective of whether the RNA was collected directly from cells growing in tissue culture or from frozen sections of cell pellets. In the majority of microdissection experiments no Ang1 signal was seen even after prolonged exposure, while the GAPDH signal was clearly demonstrated ( Figure 3A) . In contrast, similar analysis of VEGF expression in the same six tumour samples yielded a strong signal in five of six cases, confirming the abundance of this angiogenic factor in tumours and the suitability of microdissection as a method of analysis ( Figure 3B ). Table 1 shows a summary of the results of Tie2 and Ang1 expression analysis of 11 normal and 23 malignant specimens. Samples were informative for Ang1 expression only if a GAPDH signal was visible after Southern hybridization. Although Tie2 is clearly expressed on microvessels of tumours and correlates closely to the expression of vWF (correlation coefficient 0.91), a detectable Ang1 signal was identified only in three of 21 tumour cases analysed and none of nine normal cases.
Transfection of Ang1 cDNA into breast cancer cell lines results in the expression of high levels of biologically active Ang1 in conditioned media
In order to determine the effect of elevated Ang1 levels on tumour growth, we stably transfected Ang1 into two cell lines derived from the oestrogen-dependent, poorly angiogenic and weakly tumorigenic MCF-7 cells: the MPCX cells and the α18 cells. The MPCX cells, which were transfected with the β-galactosidase gene (lacZ) for convenient detection, maintains essentially the same growth characteristics to the MCF-7 cells, while the α18 cells, which were further transfected with FGF1, exhibited a greatly increased tumorigenicity and an extreme form of the dysfunctional vascular phenotype seen in xenograft tumours, with abundant vessels that are dilated (Zhang et al, 1997) .
Ang1 protein in the conditioned media of the transfected cells was detected by Western slot blot analysis using a polyclonal antibody against human Ang1 ( Figure 4A ). An estimation of the amount of Ang1 was made by comparison with signals from an Ang1 preparation of known concentration. The ability of the Ang1 protein to bind to Tie2 was determined by using a BIAcore analyser, which also allowed a quantitative determination of the concentration of Ang1 (Table 2 ). The Ang1 concentrations determined by these methods correlated closely. Furthermore, the biological activity of Ang1 in the conditioned media was determined by measuring the ability of the conditioned media to induce Tie2 tyrosine phosphorylation ( Figure 4B ). The extent of phosphorylation induced by conditioned media from the highest expressing clones was equivalent to that produced by 200 ng of recombinant Ang1, which gave rise to a maximum extent of phosphorylation of Tie2 on the cells. The α18-derived cell lines were further analysed for continued expression of FGF1 mRNA by Northern analysis ( Figure 4C ). All of the FGF1 transfected cell lines expressed high levels and equivalent amounts of FGF1 mRNA. In vitro mitogenesis assays were performed on all transfected and parental cell lines prior to animal inoculation, to ensure that the transfection procedure or the expression of Ang1 had not altered the in vitro growth characteristics (data not shown). As expected, Ang1 overexpression had no effect on the growth rates of all the selected clones in cultures since MCF-7 cells do not express the Tie2 receptor.
Inhibition of MCF-7 xenograft tumour growth by Ang1 overexpression
Three Ang1 expressing clones, as well as a pooled population of empty vector transfected cells and the parental cells, were inoculated into the mammary fat pads of athymic nude mice. The growth rates of the xenograft tumours were monitored. The tumours were retrieved at the end of the experiment and the expression of Ang1 confirmed by Northern blotting analysis (data not shown). Although Table 1 Summary of Ang1, Tie2, and vWF expression in clinical specimens. Clinical specimens (nine grade 3 tumours, nine grade 2 tumours, three grade 1 tumours and 11 normal breast sections) were stained with monoclonal antibodies to Tie2 and vWF. Positively staining vessels were counted manually using standard protocols (Weidner, 1995 Ang1 overexpressing MPCX cells were able to grow xenograft tumours, the growth rates of the transfected cells were decreased as compared with the parental or vector control. A dramatic inhibitory effect (P = 0.003) was observed with the clone MAng 184 that expressed the most Ang1 ( Figure 5A ). The extent of rate-decrease correlated reasonably well with the amount of Ang1 produced by the transfected cells ( Figure 5B and Table 2 ). Similar experiments were carried out with the FGF1 and Ang1 co-transfected α18 cell lines. The growth of the xenograft tumours of the Ang1 overexpressing cells was again found to be much slower than that of the parental cells and the vector mock transfected cells ( Figure 6A) . A statistically significant inhibition of tumour growth was observed with clones αAng 18 and αAng 29 (P = 0.03). The dimensions of the tumours produced by clone αAng 14 were not statistically different from the parental or vector controls. However, for clone αAng 14 the recorded tumour volume did not represent the actual volume of tumour cells. This is because the majority of the volume of the xenografts formed by this clone at the end of the assay was caused by blood in a haemangectasic sac. In contrast, while the parental and vector cells produced a haemangectasic sac initially, this was replaced by a solid mass of tumour cells as the tumour growth progressed (Zhang et al, 1997) . We demonstrated this at the end of the experiment by staining all of the xenografts with a β-galactosidase substrate. This allowed for easy identification of the tumour as blue cells ( Figure 6B) . A solid mass of cancer cells had replaced the haemangectasic sac in the tumours produced by the parental α18 cells (Figure 6B, right) . In contrast, the haemangectasic sac responsible for the large dimensions of the αAng 14 tumours was still not replaced by a tumour mass at the end of the assay but consisted principally of blood ( Figure  6B , left). On transection, it was demonstrated that the cancer cells occupied a relatively small proportion of the tumour volume ( Figure 6B , centre) implying that the rate of tumour cell growth was very much smaller than that recorded by measurement of xenograft dimensions.
Expression and function of Ang1 in breast cancer 1157
British Journal of Cancer (2000) 83(9), 1154-1160 © 2000 Cancer Research Campaign
DISCUSSION
We tested the hypothesis whether Ang1 would serve a pro-angiogenic role in the context of tumours, similar to its role suggested for physiological neovascularization. We found that Ang1 expression is lacking from areas adjacent to tumour blood vessels in human breast cancer despite abundant expression of Tie2 in these vessels. In addition, overexpression of Ang1 did not enhance xenograft growth and the majority of Ang1 transfected clones demonstrated decreased growth rates. Our data demonstrate that Ang1 may not function as a promoter of angiogenesis in breast tumours. Moreover, the data suggests that it may act in an inhibitory capacity in this model. These findings initially appear to be in contrast to transgenic studies in which Ang1 was overexpressed locally in the skin of developing mice. This overexpression of Ang1 induced remarkable increases in vascularity in the skin of these transgenic animals (Thurston, 1999) . These seemingly contrary findings for Ang1 overexpression in transgenic animals and in our tumour models suggest that the process of tumour vascularization may be dissimilar to that seen in physiological settings. Physiological angiogenesis occurs in the context of a number of angiogenic factors and the expression of these factors is precisely coordinated both temporally and spatially (Dumont et al, 1995) . Tumours elaborate a variety of angiogenic factors (Relf et al, 1997) and as a consequence of the abundance of angiogenic influences in the tumour micro-environment, the microvessel density in a tumour may be very high, although many vessels are dysfunctional. This dysfunction is manifested by areas of tumour necrosis and tumour hypoxia seen near to areas of increased microvessel density. The failure to identify Ang1 expression in the breast cancer epithelial cells suggests that Ang1, which is hypothesized to promote the ordered expansion of the vascular tree physiologically, may not be a pertinent angiogenic factor to the highly disordered tumour vasculature.
The data from overexpression of Ang1 in a xenograft model suggest that Ang1 may inhibit tumour growth, presumably via an effect on tumour angiogenesis, as Ang1 had no effect on the in vitro growth of the tumour cells. This is in keeping with the hypothesized roles of Ang1 and its functional antagonist Ang2 (Maisonpierre et al, 1997) on vessel stability and receptivity to other angiogenic influences. Ang1 stabilizes the association between the endothelial cell and pericyte (Suri et al, 1996; Thurston et al, 1999) . Ang2, by antagonizing this effect, can result in vessel disassembly and subsequent vessel regression, but may, in the presence of other suitable angiogenic factors, facilitate new vessel sprouting (Maisonpierre et al, 1997) . It has recently been observed that Ang2 is focally up-regulated in the immediate vicinity of tumour vessels (Stratmann et al, 1998; Zagzag et al, 1999) . Therefore in tumours, where a variety of other angiogenic . The overall statistical significance at 5% level was P = 0.03 (ANOVA) (n=5) for αAng18 and αAng29. The experiment was repeated and the results were reproducible. (B) Photographs of the xenograft tumours: a tumour formed by αAng14 giving the typical appearance of a blood filled sac (left), cross-section of a tumour in the same group showing that the interior of the sac is empty once opened, and that there are only a few cancer cells which were stained blue (centre), and the tumour formed by the parental α18 cells consists of blue cancer cells factors exist, this stabilizing effect of Ang1 might in fact inhibit the intense continuous new vessel sprouting that is typical of tumour vascularization. That Ang1 is able to inhibit tumour growth even in the presence of FGF1 supports the view that Ang1 retards tumour growth by vascular stabilization. Additionally, our findings that Ang1 is expressed in many breast cancer cell lines in vitro, but in very few clinical specimens, suggest that expression of Ang1 may be down-regulated in tumours because of its negative selective effect on the developing tumour. To identify the mechanism by which Ang1 may lead to retardation of tumour growth requires a variety of further experimental approaches. These may include a detailed histological characterization of vessel branching and endothelial pericyte relations in the Ang1 overexpressing tumours and a direct in situ assessment of cellular proliferation rates within the xenografts expressing Ang1. It will be informative to assess the expression patterns of other ligands to Tie2 in clinical specimens, in particular Ang2. Such studies will further elucidate the role played by this complex vascular signalling pathway in the process of tumour vascularization.
